ABSTRACT Contamination of poultry and poultry products by Salmonella enterica Serovar Enteritidis (SE) continues to be problematic even though biosafety management practices have aided in reduction of the SE burden. Identification of molecular markers linked to disease resistance loci would further reduce SE burden by enabling selection for genetic resistance. The objectives of this study were therefore to evaluate specific genomic regions for resistance to SE burden in young broiler-cross chicks and to evaluate the interaction of allele with dam line and sex. Three hatches of F 1 chicks were produced
INTRODUCTION
Reduction of Salmonella spp. burden in poultry is currently addressed by several methods including flock management practices involving biosecurity and handling (Mcllroy et al., 1989; Hafez, 1999) , use of pharmaceuticals (Mcllroy et al., 1989; Hafez, 1999) , competitive exclusion (Seo et al., 2000) , and vaccination (Davison et al., 1999) . Host genetic control of resistance to Salmonella enterica Serovar Enteritidis (SE) bacterial burden and mortality has previously been reported (Bumstead and Barrow, 1993; Beaumont et al., 1999; Kaiser and Lamont, 2001) .
Resistance to SE is a complex trait involving multiple QTL, more specifically referred to as QTL (Soller and Andersson, 1998) . Standard approaches of quantitative selection for disease resistance to SE are difficult to accomplish because of the time and expense of collecting phenotypic data (Soller and Andersson, 1998) . Selection is further complicated when the chicks for which disease resistance phenotypic data are collected are relatives of the chicks selected as breeders, thus resulting in an indirect Poultry Science Association, Inc. Received for publication July 17, 2001 . Accepted for publication December 11, 2001 . To whom correspondence should be addressed: sjlamont@ iastate.edu.
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by crossing sires from a broiler breeder male line with hens from three highly inbred lines (Fayoumi 15.2, . At 1 d of age, the chicks were intraesophageally inoculated with SE phage type 13a. Spleen and cecal content samples were harvested at 1 wk, and the levels of SE were quantified by serial plate dilution. Each of the F 1 chicks was genotyped with four microsatellites that had previously been shown to be linked to antibody response to SE vaccine. All four microsatellites had a significant (P ≤ 0.05) main effect or interaction with dam line or sex on the level of SE in spleen and cecal contents. estimated breeding value. Identification of genetic markers linked to QTL would overcome these difficulties by allowing rapid and direct genetic determination of disease resistance potential in a cost-effective manner that could be implemented into a marker-assisted selection program to reduce the SE burden in poultry.
Identification of genetic regions contributing to SE resistance can be undertaken by two general designs: candidate gene analysis and genome-wide linkage-disequilibrium scan. The candidate gene approach has been successful in detecting genes for SE response, such as NRAMP1 (Hu et al., 1997; Liu and Lamont, 2001) , PSAP (Liu and Lamont, 2001) , and the MHC complex (Cotter et al., 1998; Liu and Lamont, 2001 ). Currently, a limitation for candidate gene studies in domestic animals is the relatively low number of identified genes (Soller and Andersson, 1998) . Genome scans utilize highly polymorphic markers, of which there are over 800 microsatellites currently mapped (Groenen et al., 2000) . Genome scans have successfully identified microsatellites linked to several Marek's disease traits (Vallejo et al., 1998) , Escherichia coli resistance (E. coli) (Yonash et al., 2001) , and S. typhimurium resistance (Paola Mariani, 2001 , University of Minnesota, Dept. of PathoBiology, St. Paul, MN, personal communication) and to antibody response to vaccination (Yunis et al., 2000; Kaiser et al., 2002a) . The Iowa Salmonella Response Resource Population (ISRRP) has been designed to identify genetic regions controlling antibody response to SE vaccine and level of SE burden in young chicks. The ISRRP F 1 generation was produced by mating sires of a broiler breeder male line with hens from highly inbred lines. Four genetic regions associated with antibody response to SE vaccine were initially identified by microsatellite genome scan and bulk segregant analysis and were confirmed by individual genotyping (Kaiser et al., 2002a) . The objectives of this study were to evaluate the effect of the four microsatellitemarked genetic regions, which are linked to SE antibody response, on level of SE burden in unvaccinated ISRRP F1 chicks and to investigate microsatellite allele interaction with dam line and sex.
MATERIALS AND METHODS

Experimental Animals
Three males from the ISRRP broiler breeder male line were mated to hens from three highly inbred lines (Fayoumi 15.2, and MHC-congenic pair of G-B1 and G-B2 Leghorns) to produce three hatches of ISRRP F 1 chicks (n = 164). The MHC haplotypes of these lines are 43, 50, and 6, respectively, for Fayoumi 15.2, G-B1, and G-B2. Half-sib families of each hatch were divided equally into three biosafety level-2 animal rooms. The chicks were housed on wood chip-covered floors, received no vaccinations, and were given access to water and feed 3 ad libitum that met or exceeded National Research Council requirements (1994) . The feed contained standard nutritional additive amounts of Amprolium (0.0125%).
3 All animal procedures were approved by the Institutional Animal Care and Use Committee.
SE Challenge and Bacteriology
Virulent SE phage type 13a 4 was brought into the exponential growth phase by incubating in Luria-Bertani (LB) broth for approximately 3.5 h at 37 C with shaking. The SE was resistant to nalidixic acid. Inoculation dose dilutions of SE were made based on a concentration estimated from the optical density at 600 nm and applied to an SE growth curve regression equation. Actual SE inoculation doses were later confirmed by serial plate dilutions of the inoculum. Before inoculation, three chicks from each hatch were euthanized. Cecal content and spleen were collected for SE isolation and were confirmed as SE negative. Chicks were intraesophageally inoculated with SE as detailed by Kaiser and Lamont (2001) , except that an inoculation of 1 × 10 4 cfu/chick was given at 1 d of age. Chicks were observed twice daily for clinical signs of SE infection. Morbid birds were euthanized by cervical dislocation (n = 2).
All remaining chicks (n = 162) were euthanized at Days 6 and 7 post-inoculation. Chicks were assigned a priori to represent each sire family as equally as possible at each sampling date. The spleen was aseptically removed and weighed and then minced with a sterile scalpel. Cecal content was collected onto a sterile cotton swab from a 2-cm cecal section.
Quantification of SE burden within tissue samples was performed as described by Kaiser and Lamont (2001) . One gram of spleen and the swab containing cecal content were cultured 24 h at 37 C in 10 mL of selenite 5 enrichment broth. A swab of each 24-h culture was plated onto brilliant green agar (BGA) 5 plates containing 100 µg/mL nalidixic acid 6 and was incubated for 24 h at 37 C to identify presence of SE (enrichment broth was meanwhile stored at 4 C). The BGA plates were scored for the presence or absence of SE colonies. Questionable colony identification was clarified with a Salmonella O antiserum group D microagglutation test.
5 Enrichment cultures from samples that produced SE-positive plates were serially 10-fold diluted and plated in duplicate on BGA plates to quantify SE colony-forming units per milliliter.
Individual Genotyping
The ISRRP F 1 chicks were individually genotyped with four microsatellites by using procedures previously described (Kaiser et al., 2000) . Microsatellites ADL0020 and ADL0198 each map to chromosome one and are unlinked; ADL0298 and ADL0138 map to chromosomes five and six, respectively (Groenen et al., 2000) .
Statistical Analyses
The levels of SE burden in spleen or cecal content samples were expressed as the natural log (ln) of bacterial count. Differences of spleen and cecal content SE burden were analyzed by ANOVA with the JMP software (SAS Institute, 2000) in which the models included the main effects of sire, dam line, and sex as fixed effects, and dam (sire, dam line), hatch, organ collection day, and animal room as random effects. All statistical analyses that evaluated the effect of inherited sire microsatellite alleles on SE burden were performed within sire family using a half-sib analysis. Each of the microsatellites were independently tested for QTL-marker linkage by using AN-OVA with the JMP software (SAS Institute, 2000) . Main effects in the models included microsatellite allele, dam line, and sex as fixed effects, and dam (dam line), hatch, organ collection day, and animal room as random effects. Two-way interactions of microsatellite allele-by-dam line and microsatellite allele-by-sex were always included in the model as were any other two-way interactions that contributed (P ≤ 0.20) to the overall variance. Allele effect was calculated as the difference in ln(cfu/mL) between the two sire alleles. Pair-wise comparisons of sire allele effect within each dam line and between sexes were tested by Tukey's honestly significant difference (SAS Institute, 2000) . If not otherwise indicated, P ≤ 0.05 was considered significant.
RESULTS
Analysis of Spleen and Cecal Content SE Burden Differences
The spleen and cecal content SE burden least-squares means and standard errors for each sire and dam line within sire are presented in Table 1 . There is good consistency of SE burden least-squares means and standard errors among the sires and dam lines within sire. The random effect of animal room was significant (P = 0.002) for spleen SE burden; otherwise all main effects were nonsignificant for both spleen and cecal content burden.
Microsatellite Linkage with Spleen SE Burden
All four microsatellites had a significant (P < 0.05) main effect and interaction with sex or dam line on levels of spleen SE burden (Table 2) in one or more sire families. Sire allele effect within the entire sire family.
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Microsatellite homozygous for the sire, thus no analysis. 7 Not tested; sire was heterozygous, but chicks all inherited the same sire allele. *0.01 < P ≤ 0.05, **P ≤ 0.01, for differences between sire alleles by all dam lines offspring combined tested using ANOVA or for within-dam lines tested using Tukey's honestly significant difference.
All instances of significant main effects of a sire allele on spleen SE burden also had a significant interaction of this sire allele with sex or dam line. The effects of sire microsatellite allele on spleen SE burden varied in magnitude and direction among sire families (Table 3) .
Sire allele-by-sex interactions were significant on spleen SE burden for two of the nine statistical comparisons ( Table 2 ). The significant sex interactions were with sire family 8296 with microsatellites ADL0020 and ADL0138. For each of these interactions (Table 4) the direction of the allele effect was reversed between sexes.
The effects of six out of nine sire allele-by-dam line interactions evaluated were significant on spleen SE burden (Table 2 ). Sire family 8291 had significant allele-bydam line interactions with microsatellites ADL0198 and ADL0298 (Table 3 ). For each of the allele-by-dam line interactions (Table 3 ) the direction and magnitude of the allele effect varied among dam lines within sire family.
Microsatellite Linkage with Cecal Content SE Burden
All four microsatellites had a significant main effect or interaction with level of cecal content SE burden in at least one sire family ( Table 2) . As with spleen SE burden, the magnitude and direction of the microsatellite allele effect on level of cecal content SE burden varied among sire families (Table 3) . The sire allele effect of −0.921 ln(cfu/mL) was highly significant for ADL0138 in sire family 8338, which was the only occurrence where no significant interactions were associated with a significant allele main effect, although allele-by-sex interaction was nearly significant (P = 0.051).
There were two allele-by-sex interactions with significant effects on the level of cecal content SE burden; ADL0198 with sire family 8296 and ADL0298 with sire family 8338 (Table 2 ). In both instances of interaction, Microsatellite homozygous for the sire, thus no analysis. 7 Not tested; sire was heterozygous, but chicks all inherited the same sire allele. *0.01 < P ≤ 0.05, for differences within sex tested using Tukey's honestly significant difference.
there was an opposite direction of effect of the sire alleles between the sexes (Table 4) .
Allele interactions with dam lines were significant for three sire family-by-microsatellite combinations (Table 2) . For each of the allele-by-dam line interactions (Table 3) , the magnitude and direction of the allele effect varied between dam lines within sire family.
DISCUSSION
Four microsatellites linked to loci controlling antibody response to SE vaccine were previously identified by genome scan (Kaiser et al., 2002a ). In the current study, the same four genetic regions were shown to be associated with SE burden in the gastrointestinal tract (cecal content) and an internal organ (spleen). Disease resistance mechanisms for bacterial burden at the two sampled sites would likely share some QTL and also have QTL unique to each site. Comparisons can also be made of the association found for specific genetic regions with antibody level versus bacterial burden. Previously, the genetic capability to mount a greater antibody response to SE was demonstrated to be negatively correlated with SE burden in cecal content (Kaiser et al., in press ). Over time, increase in S. typhimurium burden corresponds with progression of clinical observed disease and death; furthermore, bacterial burden decreases as the chicken overcomes the disease (Barrow et al., 1987) . Chicken lines having less SE burden in the spleen (more resistant to SE challenge) reduce the bacterial burden quicker than susceptible lines (Girard-Santosuosso et al., 1998 ).
In the current study, in two sire families, ADL0020 was only associated with SE burden (Table 5) . Within sire family 8296, microsatellite ADL0138, and within sire family 8291, microsatellite ADL0198, were associated with SE burden only. Within sire family 8338, microsatellite ADL0138, and within sire family 8296, microsatellite ADL0198 were associated with SE burden and antibody response to SE vaccine. For all three sire families, ADL0298 was associated with SE burden and antibody Effect of ADL0198 not analyzed for spleen and cecal SE burden with sire family 8338, because sire was heterozygous, but chicks all inherited the same sire allele.
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Microsatellite homozygous for the sire, thus no analysis.
response to SE vaccine. (One sire family, 8170, in the antibody response study was not tested for SE burden because of the low number of offspring.) The markertrait association groupings varied among sire families, presumably because the sires possessed different QTL alleles marked by the same microsatellite allele.
The variation of marker allele magnitude and direction among sires may be a function of multiple QTL alleles, or different marker-QTL phases with the microsatellite alleles, or both. Linkage association of ADL0298 with SE burden in both spleen and cecal content in sire family 8291 would suggest that the QTL located in this region of chromosome five broadly influences SE resistance. Other reports of QTL associations in this general genomic region include S. typhimurium resistance of SAL I, which maps 50 to 60 cM from ADL0298 (Paola Mariani, 2001 , University of Minnesota, personal communication), and E. coli vaccine antibody response and survival from E. coli challenge linked to ADL0298 (Yonash et al., 2001) . The detection of multiple associations in this region would indicate that a QTL with a generalized immune function or multiple QTL are located in the region. The PSAP gene, which maps within 30 cM of ADL0138 on chromosome six, was associated with spleen SE burden (Liu and Lamont, 2001) , as was also found for ADL0138 in the current study.
Many interactions of sire allele with sex and dam line are reported in this study. These birds were from a novel resource population, having been designed to detect effects of broiler sire alleles, as well as sire allele interactions with the genetics of diverse inbred lines. Several of the interactions of sire allele with dam line for SE burden in both the spleen and cecal content involved the Fayoumi 15.2 line. The Fayoumi 15.2 line was much more resistant to SE challenge than the G-B1 and G-B2 lines (Lamont, unpublished data). The significant broiler sire allele interaction with the Fayoumi 15.2 line, therefore, was likely the result of the sire QTL in combination with unique QTL of the Fayoumi 15.2 line. Differences in magnitude and direction of sire allele interactions between the MHC congenic lines, G-B1 and G-B2, may be the result of MHC interactions with the sire QTL. An effect of broiler MHC has previously been demonstrated for spleen SE burden in this population (Liu and Lamont, 2001 ).
This study demonstrated microsatellite linkages with broiler-derived QTL for SE burden in spleen and cecal content in young chicks. With confirmed QTL-marker linkages, marker-assisted selection should be a means to genetically reduce SE burden in poultry as a preharvest food-safety procedure. Given the complexity of the interactions of the identified microsatellites with other genetic factors, defining potential interactions would be required before efficiently applying marker-assisted selection in any new population. The current identification of specific microsatellite-marked genomic regions associated with Salmonella response traits can speed the identification of positional candidate genes that control these traits.
